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INTRODUCTION
The analysis of cement strength development containing supplementary cementitious material (SCM) has been the object of extensive research. The prediction of the aforementioned properties constitutes a major challenge, and many analytical expressions have been proposed in the literature. [1] [2] [3] [4] Furthermore, it is of paramount importance to study the evolution of cement strength containing SCM under various curing temperatures.
Several investigators [5] [6] [7] [8] reported that a high curing temperature causes a more rapid precipitation of hydration products during the first hours and days. This phenomenon is responsible for the observed early strength development. Furthermore, this fast hydration in the initial stage leads to a more heterogeneous distribution of the hydration products. The hydrates precipitate around the cement particles and build up a dense inner shell around them. It is reported 9, 10 that these more dense precipitates, deposited at an elevated temperature, may form a barrier for ion diffusion. This causes an inhomogeneity in the microstructure that significantly reduces the long-term strength. This process depends on the large number of formed hydrates that had no time to arrange suitably, resulting in a loss of long-term strength. Such behavior is referred as the crossover effect. 11 Other studies 6, 8 claim that the high curing temperature has negative effects on the microstructure of the hardened cement by increasing the porosity-decreasing the long-term strength-and may have a deleterious effect on concrete durability.
For ordinary portland cement (OPC), it appears that the long-term strength decreases nearly linearly with the initial curing temperature. 2, 12 The presence of SCM, such as natural pozzolan, fly ash, or granulated blast furnace slag in the cement, can modify the hydration kinetics, reduce the heat evolution, and produce additional calcium silicate hydrates (CSHs). 5, 13 At an elevated temperature, they influence the cement hydration and reduce the porosity caused by the temperature rise according to the characteristics of these materials and their replacement levels. These SCMs give the concrete a noticeable improvement in hot climates, where the negative effects of the temperature rise is partly reduced by their pozzolanic reaction, their weak heat of hydration, and their great activation energies. 13, 14 Videla et al. 15 studied the behavior of OPC and blended cements under various curing temperatures (41, 68, and 86°F [5, 20, and 30°C] ). They observed that blended cement longterm strength shows ascending curves with curing temperature. It was also demonstrated 16 that blending OPC with SCM, such as powdered tuff, slag, and silica fume, improve the mortar and concrete performance strengths when exposed to a higher-than-normal temperature, particularly in the range of 95 to 122°F (35 to 50°C).
The effect of the temperature ranging from 68 to 176°F (20 to 80°C) on the strength of fly ash cement was explored by Monzo and Borrachero. 17 It was found that 104°F (40°C) is an optimum temperature for strength development due to pozzolanic reaction conditions. Other investigations conducted by EscalanteGarcia and Sharp 6 concluded that 86°F (30°C) is the optimum temperature for the strength development of slag cement paste. Kim et al. 18 reported that the crossover effect is not so obvious for Type V cement (blended cement) compared with Type I (OPC), due to the difference in the hydration rate for the different cement types. These results are in agreement with the Turkel and Alabas 19 conclusions, underlining the fact that composite cements perform well under heat treatment and do not exhibit a considerable loss in long-term compressive strength. In same context, Tank and Carino 20 and Carino and Tank 21 showed that the long-term strength is dependent on the curing temperature, and a given concrete will not have a unique relationship between strength and maturity. They concluded that the quantitative effect of curing temperature on the long-term strength is an important practical problem deserving further studies.
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Analysis of Mortar Long-Term Strength with Supplementary Cementitious Materials Cured at Different Temperatures
by Karim Ezziane, El-Hadj Kadri, Abdelkader Bougara, and Rachid Bennacer
The objective of the present work is to analyze the strength evolution in mortars by defining two parameters, namely, the long-term strength and the half-strength age. The first is assumed to be the ultimate strength reached at a later age, beyond which its value does not increase. The second refers to the time at which the strength reaches 50% of its long-term value. This analysis leads to propose a new expression to estimate long-term strength as a function of curing temperature in the strength evolution of mortars containing several SCMs. The results obtained using the proposed expression were compared with the published results to demonstrate its validity.
RESEARCH SIGNIFICANCE
The hyperbolic strength-age model is a convenient tool used by many investigators to estimate the strength development of concrete in all structures. To develop this model, it is necessary to evaluate the half-strength age and the long-term strength according to the curing temperature and the SCM used. From the analysis of experimental results for various mortars, a new approach is proposed to predict the long-term strength. This approach distinguishes between cement with and without SCM behavior with regard to the curing temperature effect.
EXPERIMENTAL PROGRAM
The aim of this study is to evaluate several SCMs used by Algerian cement producers and to study their activation with the OPC when cured at a high temperature. The objective is to also find a suitable procedure to obtain the optimal performance of these materials and to be able to predict their long-term strengths according to the curing temperature.
Materials
In the present investigation, the raw materials used were OPC, blast furnace slag, natural pozzolan (volcanic ash), and limestone powder. Then, they were ground to be as fine as common cement. Table 1 shows the physico-chemical characteristics of these materials. Mortar test specimens were prepared using normalized sand obtained by mixing two sands with fineness modulus values of 1.95 and 3.06.
Sample preparation
Mortars were made with various replacement levels of the cement by mass: 30 and 50% for the slag; 10, 20, 30, and 40% for the natural pozzolan; and 5, 15, and 25% for the limestone powder. Mortar specimens were prepared by casting 1.575 in. (40 mm) cubes; the cement-sand-water mass proportions were 1:3:0.47 according to a normalized mortar. A high-range water-reducing admixture based on melamine resin was used (1% by mass of the binder) to obtain an acceptable consistency. Samples were stored immediately after casting in three moist rooms at various temperatures of 68, 104, and 140°F (20, 40 , and 60°C).
Test methods
All specimens were removed from their molds 1 day after casting and were stored in moist rooms until tested. the coefficients of variation in the strength values, based on four replicate specimens, were less than 8%. The setting time of the mortar mixture was determined by a Vicat apparatus and the following EN 196-3 procedure. It was registered every 10 minutes by penetrating a needle of a fixed cross section and with a constant force into the mortars. The initial setting time was determined to be when a full depth intrusion of the needle was not obtainable, whereas the final setting time was taken when the needle no longer penetrated the mortar at all. Tables 2, 3 , and 4 present the final setting time for each mixture, as well as the curing temperature.
ANALYSIS OF RESULTS
Strength-age relationship
To analyze the obtained results, an approach recommended by ASTM Standard C1074 22 to analyze strength-age data under isothermal curing was used. It was assumed that the kinetics of strength development at a constant temperature can be represented by the following hyperbolic equation 12, 22 ( 1) where S(t) is strength at t age; S u is the long-term strength; t 0 is the age when strength development is assumed to start and can be assumed to equal final setting time, which gives the smaller squared sum of errors as reported by Eren 23 ; and t 50 is the halfstrength age (the time beyond t 0 where the strength reaches 50% of its long-term value). The time is expressed in days.
A least-squares regression analysis for Eq. (1) was used to determine the best-fit values of S u and t 50 for each set of data Tables 2, 3 , and 4. The results obtained for different mixtures and curing temperatures are shown in Table 5 . Three curves drawn in Fig. 1 are representative samples for the resulting best-fit hyperbolic curves. It is seen that Eq. (1) fits the data quite well.
Half-strength age
Figures 2, 3, and 4 represent the variation of half-strength age with the replacement level at temperatures of 68, 104, and 140°F (20, 40 , and 60°C), respectively. The half- 24 results, in which all of the mortars with several replacement levels of slag reached their half-strength age within 2 days at 122°F (50°C). Thus, at high temperatures, strength gain is much more rapid and the improvement in earlyage strength is more significant with high levels of SCM.
In this study, it is suggested that at 68°F (20°C) curing temperature, the variation of the half-strength age is given as a linear function of the replacement ratio
where p is the replacement ratio of SCM (by mass) and k p is a coefficient obtained by experiments. For 104°F (40°C) curing temperature, this relationship remains linear for a low replacement ratio and, at 140°F (60°C), it tends towards a unique linear relation for all SCMs. plotted at different curing temperatures and replacement ratios in Fig. 5, 6 , and 7. Some calculated values of S u are found to be lower than those measured at 90 days because the equation was derived including data of low early-age strength. These underestimating long-term strengths were already observed in previous works, 20, 25 especially at high temperature. Equation (1) enables the evaluation of strength in the whole domain; and the differences in longterm strength between the calculated and measured ones at 90 days is not significant (less than 8%). Some mixtures with SCMs present a great decrease in long-term strength with curing temperature but achieve a higher value than the mixture with only OPC. The long-term strengths decrease with curing temperature and can be represented by either a parabolic or linear curve with regard to the SCM used, as shown in Fig. 5 through 7 .
Long-term strength
It is clear from Fig. 5 that the addition of slag improves the long-term strength by producing other CSHs produced by its hydraulic reaction. The long-term slag cement strengths are greater than the strength of OPC for all replacement levels. In a hot climate, this material is advantageous, as it reduces the negative effect of temperature rise. Figure 6 shows that for pozzolanic cement, at the moderate replacement levels of 10, 20, and 30%, the long-term strengths decrease with an increasing curing temperature and are considered greater than that of the OPC mortar. For a high replacement level of 40%, the long-term strengths are not so sensitive to curing temperature as in low replacement percentage and slightly increases with temperature. For cement mortars with limestone powder, as shown in Fig. 7 , the variations of the longterm strengths with curing temperature are represented by the parabolic curves. Although, for replacement rates greater than 15%, the long-term strengths are much less than OPC mortar; these strengths tend to be less reduced at a high temperature, particularly at 104°F (40°C). At a replacement rate of 25%, a slight strength improvement is observed at this temperature. Several researchers 1, 4, 12 reported similar behavior of the blended cement strengths. Thus, it is necessary to investigate the relationship between long-term strength and curing temperature for various concrete and mortar mixtures.
Prediction expression for long-term strengths
To generalize the applicability of the strength-age model described in Eq. (1) (according to the curing temperature), several propositions have been suggested. Tank and Carino 20 proposed a rate constant model (1/t 50 coefficient) to estimate the relative strength gain of concrete. Brooks and Al-Kaisi 3 introduced a power index n in Eq. (1) for the (t -t 0 ) term to get better fits at a high temperature (104 to 140°F [40 to 60°C]). Other works 26 considered the effect of diffusion shells by introducing a reaction coefficient (r) that is a function of the curing temperature. Besides, the influence of temperature on the long-term strength development of mortar was expressed by a linearly decreasing function with a temperature rise described as follows 2 (3) where T is the curing temperature, °C; S u (T) and S u (20) are the long-term strengths at T and 68°F (20°C) curing temperature, respectively; and k 0 is the slope of the normalized model corresponding to the average values obtained in the literature, 2 0.01 (°C -1 ). This coefficient characterizes the decrease of the long-term strength of mortar with curing temperature.
From the experimental results, the values of k 0 are calculated by Eq. (3) and are represented in Fig. 8 . It is shown that the k 0 value is largely dependent on the cement type and curing temperature. So, the relationship between long-term strength and temperature is more complex than the linear relationship used in Eq. (3). This observation was also underlined in previous work. 27 Equation (3) has the potential to be modified to produce more accurate strength development predictions.
The value of the coefficient k 0 in Eq. (3) has to be corrected, taking into account the type of SCM and the curing temperature. By modifying Eq. (3), a new function was obtained-according to the curing temperature and the replacement level-and described as follows (4) where S u (T) and S u (20) are the long-term strengths at a given curing temperature T and reference temperature 68°F (20°C), respectively. The coefficient values of k 0 , k 1 , and k 2 obtained by fitting the experimental values to the curves, are presented in Table 6 . This equation is valid for curing temperatures between 68 and 140°F (20 and 60°C). It is characterized by a coefficient k 0 , representing the decrease of long-term strength when only OPC is used and the coefficients k 1 and k 2 are specific to the SCM representing their contribution to reduce the decrease of long-term strength with curing temperature. The weak and negative values of these coefficients indicate their beneficial effect in longterm strength, and the k 2 coefficient value represents the parabolic tendency. It is interesting to note that a parabola can almost be mathematically a straight line in which some SCMs have negligible k 2 coefficients such as slag cement with a 50% replacement level. Figure 9 presents a comparison between the estimated and experimental results of long-term strength, where it is shown to be a perfect correlation with an error less than 3%.
DISCUSSION
The experimental results obtained in the present study agree with previous studies, 3, 4, 18, 24 in which the strength development with age became slower in mortars with the use of SCM. This can be explained itself by the dilution effect at early age, which leads to a less reactive mixture. On the other hand, some finer SCMs behave as a filler admixture and contribute to densify the hardened paste, which improves the strength at an early age. In addition to that, their particles act as nucleating agents for the formation of other products and the acceleration of the hydration process. 28, 29 At a high temperature, the differences in strength between mortar with and without SCMs are reduced with temperature rise. This improvement of the strengths at an early age with the temperature is generally attributed to the elevated activation energy 5, 14, 21 that presents the SCM, which gives beneficial effect to the blended cements and decreases the deterioration of their strengths at a late age. When the solution released by the cement hydration is saturated by lime, it will accelerate the slag and natural pozzolan reaction and subsequently lead to the formation of other hydrates products. These hydrates products are going to partially fill the pores left by the disturbance of the hydrates quickly formed under high temperatures. Because the pore solution must be saturated with lime for slag and natural pozzolan to progress their reactivity, their reaction is delayed, leading to the creation of a linear increase of the half-strength age with a replacement level as shown in Fig. 2 and 3 . This is also in agreement with Barnett et al.'s 27 results, which showed that the detrimental effect at 28 days, resulting from heating concrete, was lower for higher replacement levels of slag. On the other hand, the limestone powder, which is considered inert, has some reactivity and contributes to the enhancement of early-age strengths by modifying the kinetics of hydration. The half-strength age of limestone powder mortars remain constant with the replacement level, leading to a slight reduction at high replacement levels.
Previous research 22, 23, 25 presented quantitative information about the effect of temperature on the half-strength age and many functions relating its variation to the curing temperature. Carino and Tank 21 found that Type I cement and blended cement did not have the same variation of the halfstrength age. They represented the variation of the halfstrength age (rate constant) with curing temperature by a simple exponential function.
It is to be noted that the calculated long-term strengths of OPC mortar linearly decrease with increasing curing temperature. This linear dependency has also been shown by other researchers.
2,17 On the other hand, when the cement is partially replaced by SCM or filler, the variation of the longterm strength with curing temperature is complex and can be generally represented by parabolic curves. Several works [15] [16] [17] have already underlined this behavior, where they observed that blended cement shows ascending strength curves with curing temperature. The curves show a clear parabolic trend with the presence of the SCM, mainly with limestone powder and high replacement levels of natural pozzolan. Thus, Eq. (4) is the simplest expression that can predict the long-term strength of blended cement as a function of curing temperature whether it is a linear or parabola curve.
To check this expression accuracy, enabling the prediction of the long-term strength of blended cement according to the curing temperature, some results reported by other researchers 6, 17 are used. Escalante-Garcia and Sharp   6 reported the effect of three SCMs, 30% pulverized fly ash (PFA), 22% volcanic ash (VA), and 60% ground-granulated blast furnace slag (GGBFS) on 1-year strength cured at temperatures varying from 50 to 140°F (10 to 60°C). Monzo and Borrachero 17 studied the effect of curing temperature on the 28-day mortar strength containing 30% of fly ash ground at four different finenesses.
The results of the two studies show that the presence of SCM modifies the hydration kinetics and gives the blended cements some beneficial quality in a hot climate. Figures 10  and 11 show that a reduction in the long-term strengths with curing temperatures in the blended cement mortars is very difficult to be interpreted by a simple linear function. This justifies the optimal values of the temperature suggested in previous works, 6, 17 where fly ash and slag improve the cement's performance in hot climates. Table 7 sums up the identified parabolic parameters for the different tests considered in these studies. The proposed expression (Eq. (4)) is observed to be more accurate than Eq. (3) on all considered domains. The value of k 0 obtained for the Monzo and Borrachero 17 results proves the weak temperature effect on the used OPC. On the other hand, the important value of the correction coefficient k 1 illustrates how fly ash mineral admixture influences the concrete longterm strength when curing at an elevated temperature. For Escalante-Garcia and Sharp's 6 results, slag cement presents a weak parabolic variation because of its low k 2 coefficient. On the other hand, VA cement with a high negative value of k 1 is the best supplementary cementitious material having a low decrease in long-term strength.
In the two examples quoted previously, they considered strength at 28 days and at 1 year as the long-term strength. Carino and Tank 21 used the hyperbolic model presented in Eq. (1) and calculated the long-term strength for concrete cured at different temperatures and made with OPC and with 20% and 50% replacement levels of PFA and GGBFS, respectively. The results of the calculated long-term strength with the curing temperature are represented in Fig. 12 . It is obvious that the decrease in long-term strength with the curing temperature depends on the cement type, and Eq. (4) fit well with this variation in blended cement. Figure 13 displays the comparison between the calculated and measured values for the works analyzed. From such an obtained distribution, the agreement is nearly total with a variation less than 6%. Finally, it may be said that the dependence of long-term strength for mortar and concrete made with SCMs according to the curing temperature needs more studies to support the applicability of Eq. (1) for predicting strength development.
CONCLUSIONS
The performed experimental study and analysis of the data allowed the authors to deduce the half-strength age and the long-term strengths for the used proportions of each SCM. The presence of these materials in the composition of cements significantly modifies the hydration kinetics and gives the blended cements better performance in hot environments. Compared with OPC, the long-term strength of blended cement is reduced in a different way by the temperature according to the features of each SCM used. This favors the use of blended cements in a hot climate where curing temperature strength reduction is recovered by SCM.
The low strengths of blended cements at an early age can be improved by the elevation of the curing temperature. For a high temperature of 140°F (60°C), the mixtures with the slag and the natural pozzolan display very close strengths; however, for the limestone powder, which is chemically inert, a very passive behavior is seen. This is also noted when examining the hydration kinetics, characterized by the halfstrength age, which show that, with temperature rise, the different mixtures become closer to each other. It is noted that at an elevated temperature, the quick cement hydration takes predominance over the mixture hydration.
The effect of curing temperature on the long-term strengths of the blended cements is well represented by a parabolic expression, which includes the linear tendency of the OPC and a correction related to the SCM. This new expression clearly takes into consideration the presence of the SCM in the composition of the cement and their effects to modify the long-term strengths under high temperature.
The hyperbolic strength-age relationship (Eq. (1)) is valid for representing strength gain under any curing temperature and for any mixture cement. The parameters S u and t 50 are 6, 17, 21 (Note: 1 MPa = 145 psi.) expressed as a function of curing temperature and replacement level. The application of the proposed expression form on the results reported in the literature to evaluate the long-term strengths of the blended cements hardening under high curing temperatures shows its prediction ability where a total and satisfactory agreement was observed.
